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This report entitled, "Computer Program for the Calculation of Incident

Orbital Heat Flux," LR 1890_ was prepared by the Lockheed-California Company

under NASA Contract NAS 9-3349. The Orbital Heat Flux Program utilized under

this contract is a modified version of a computer program originally developed

by Lockheed in 1960.

Other reports prepared under this contract are:

LR 18899

LR 18900

A Transient Heat Transfer and Thermodynamic Analysis

of the Apollo Service Module Propulsion System -

Final Report

Volume I: Phase I - Transient Thermal Analysis

Volume II: Phase II - Thermal Test Program

A Transient Heat Transfer and Thermodynamic Analysis

of the Apollo Service Module Propulsion System -

Summary Report

LR 18901 An Introduction to Spacecraft Thermal Control

LR 18902 Thermal Analyzer Computer Progr6m for the Solution

of General Heat Transfer Problems

LR 18903 Thermal Analyzer Computer Program for the Solution

of Fluid Storage and Pressurization Problems

LR 18905 Computer Program for the Calculation of Three-Dimensional

Configuration Factors.

This report was written by Mr. B. A. Nevelli of Lockheed's Thermodynamics

Department. The contributions of Messrs. W. L. Francis, R. B. David, and

E. V. Ashburn, also of the Lockheed-California Company_ to this report are

gratefully acknowledged. Mr. Francis developed the logic of the original

Version of the program. Mr. David programmed both the original and present

versions and has continually improved and updated the program over the past

several years. Mr. Ashburn provided improved values of the radiative heat

losses and diffuse reflectance of the Earth-plus-atmosphvre system.
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SUb_,'_RY i

A computer program has been developed by the Lockheed-California Company

for the computation of orbital variation in incident and reflected solar and

planetary emission radiant heat flux on plane surface elements. The program

computes the orbit_ given the altitude at perigee_ eccentricity_ inclination_

etc., and handles planetary or inertial orientations in either Earth or lunar

orbits. The program also handles individual points in space. Non-uniform

radiosity of the Earth due to istitude_ seasonal variations_ etc._ is accounted

for. By adding apprepriate data constants_ the program can be extended to

include other planets. Computer output is in tabular form. Outp1_ options

provide punched cards suitable for direct insertion into the Thermal Analyzer

progra_n and/or plotted heat input vs. time data.

The program is arranged so that a set of angles completely defines the

geometry at any given instant. The planet's equator and the direction of the

sun define the basic coordinate system. Angles measured from the planet-

element line define the orientation of the element in space. Planetary radia-

tions are computed by a double integration over that portion of the planet that

can be "seen" from the element. The program is written in FORTRAN IV for the

IBM 7094. The use of this program is described in detail and is i]!ustrated

by several exan_le problems.

O
I--
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I INTRODUCTION

The thermal environment associated with orbiting spacecraft is a critical

factor in determining its operating capability. With the advent of 'manned

spacecraft, the thermal environment problem becomes even more critical from

the standpoint of maintaining a suitable biological environment for the human

occupants. For spacecraft above a planet's atmosphere, the primary mode of

heat transfer between the spacecraft and its external environment is by radia-

tion. In this case; the external heat gain or loss of the spacecraft by con-

vection and/or conduction is negligible. A heat balance of the external

radiation exchange and any internal heat generation thus completely determine

the thermal environment of the spacecraft and its surface temperature.

For a given application and resulting design, the contribution of any

internal heat generation to the thermal environment may be calculated with'a

high degree of reliability. The determination of the external radiation

exchanges, however; is subject to a number of uncertainties. The amount of

radiation actually absorbed and emitted by the external surface depends upon

its characteristics (i.e., absorptivity and emissivity). The absorptivity

and emissivity of a material are a function of the wave length of the incident

and emitted radiation, respectively; and also of the mechanical and chemical

character of the surface. In general; one must resort to an experimental

technique for obtaining the surface characteristics. The remaining item to

be analyzed in a determination of the external radiation exchanges is the kind

and quantity of incident radiation. The primary sources of incident radiation

_nclude direct insolation (solar radiation) and the thermal radiation from

nearby planets, such as the Earth or moon.

The purpose of this report is to describe a computer program developed

by the Lockheed-California Company to compute the irradiation of a plane sur-

face element (a differential surface in comparison to all others) in orbit

about, or in; the vicinity of a planetary body. The radiant inputs to any

spacecraft can be obtained; since its external surfaces can be approximated

;

LOCKHEED
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by a series of plane surfaces. The irradiation as determined by this program

can then be us&d to write the applicable heat balance on the surface. This

heat balance may be concerned with either radiation equilibrium or transient

conditions.

The present computer program is basically an improved version of an

earlier Lockheed-developed program (Ref. i). The principal modifications are

an improved method of Computing Earth emission and reflected solar radiation,

optional punched card and plotted output, the addition of lunar orbits, and

the provision to extend the program to other planets as the need arises.

LOCKHEED
1-2
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II PROGRAM DESCRIPTION AND CAPABILITIES

The program is written in FORTRAN IV for the IBM 7094. It computes the

orbital variation in incident and reflected solar and planetary emission flux

on plane surface elements. The program is arranged so that a set of angles

completely defines the geometry at any given instant. Planetary radiations

are computed by a double integration over that portion of the planet that can

be seen from the element. Since these integral expressions cannot be solved

in closed form, a solution by numerical techniques was developed. This was

accomplished by finite differences on a digital computer.

To set up the problem for computation, the user first determines the

angles •defining the declination of the sun, inclination of the orbit, and

orientation of the surface element, and orbit parameters such as altitude,

eccentricity, time of launch, etc. The planet (Earth or Moon), type of orien-

tation •(•planet or inertial), types of radiations (solar, solar plus planet,

etc.), and planetary integration grid size are specified. Finally the user

specifies the optional output forms, if any, which are desired (punched heat-

ing curves for the Thermal Analyzer program, or plotted output). Standard

output is tabular in form and includes individual incident irradiations

(e.g., direct solar and planetary emission), andcombinations of irradiations

(e.g., total solar spectrum). Optionally, total absorbed irradiation is

computed if surface absorptivity and emissivity are specified. Total irradia-

tion to a spacecraft can be determined by dividing the exterior into a number

of plane surfaces. Non-orbital situations (e.g., ballistic or inter-planetary

trajectories) are handled as a series of individual points.

The •program is presently limited to Earth- and lunar-referenced missions.

By adding other planetary constants, the program can readily be extended to

include additional planets as the need arises. Earth reflection and emission

calculations take into account the non-uniform radiosity of the earth due to

lattitude, seasonal variations, etc. Lunar emission calculations account for

the extreme surface temperature variations of the moon. Planetary emission

j--
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calculations for other planets would be based on an "average" temperature if

there is significant atmosphere. If not,-calculations would be based on

temperature gradients as is done for the moon.

LOCK'HEED
2-2
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III GEOMETRY

COORDINATE SYSTEM

Planet Coordinates

A spherical coordinate system with origin at the center of the planet is

selected with coordinates (R + A, _, @) based on rectangular coordinates

(Xo' Yo' Zo)" Referring to Figure 3-i and the nomenclature (Appendix A), the

definitions made for these coordinates are as follows:

i. R = mean radius of the planet (assumed to be a perfect sphere) in
statute miles

2. A = altitude above the s_face of the planet in statute miles

O

B

4.

,

_6.

7.

X° - Z° plane = equatorial plane

Z axis = projection of the planet-sun line in equatorial plane
O

Y axis = north pole of planet
O

is measured in X - Z plane
O 0

is angle measured between (R + A) and its projection in the

equatorial plane.

8. Direction of sun: _ = _]S = 0

¢ : : f (date)

9. Location of the moon with respect to the Earth:

©

A coordinate system is defined which is moving with the planet in its

path around the sun. As noted, the Z° axis is the projection of the planet-

sun line into the equatorial plane. Relative to an observer moving with the

coordinate system; the only effect of the planet's revolution around the sun

is to cause a change in the declination of the sun_ VS. This angle will vary

for the Earth from about +23.5 ° to -23.5 ° from sumpter to winter (Northern

LOCKHEED
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Hemisphere), and may be obtained exactly for any given time from the American

Ephemeris and Nautical Almanac (Ref. 2). For convenience, the analemma giving

both the declination of the sun andthe equation of time for every day of the

year is shown in Figure 3-2. _ can be input directly] or as an option, auto-

matically input as an "average" value for each month (taken as of the _ 15th of

the month.

In this coordinate system %he direction of the moon with respect to the

Earth may also be obtained directly from the Ephemeris data for any given time.

is the declination of the moon, and _Mmay be obtainedAngle CM by taking

the difference in right ascensions of the moon and the sun (also tabulated in

theEphemeris), and converting to degrees:

M' degrees = 15 (right ascension of moon, decimal hours - right

ascension of sun, decimal hours), degrees

The distance, d, from the Earth to the moon is here taken as the mean distance.

While the three-body (Earth-moon-sun) solution is available, it has been .found

for Earth orbits and near-Earth trajectories that the presence of the moon is

usually negligible and is normally ignored.

Lunar orbits and near-lunar trajectories are handled directly by treating

the moon as a planet. Lunar orbits are handled geometrically the same as Earth

orbits. The distance from the moon to the sun is taken to be the same as the

distance from the Earth to the sun.

Local Orientation of Surface Element

A local set of coordinates is defined so that z lies in the direction of

the zenith, and x lies within the orbit plane (positive x is in the general

direction of travel around the orbit, the exact direction of travel in the

case of circular orbits). The origin of this system is at the point P (R + A,

_p, _p). This coordinate system is illustrated in Figure 3-3.

The local orientation of the surface element may be determined by locating
A

the unit normal, np, to the surface. To do this, spherical coordinates

and T are assumed, based on the rectangular coordinate system x-y-z. Referring

to Figure 3-3, _ is measured from +z toward +x in the x-z plane, and T is the
A

angle between the unit normal, np, and its projection in the x-z plane, r is
A

meast_ed from the x-z _lane to_mrd +y (r = 90° when np is coincident with the

y axis).

LOCKHEED
3-3



LR 18904

z 4 °

(n

b. 2 e

0

g 0°

z _
.J

D

12°

16 e

24_
S

r

I

14 12 I0 8 6 4 2 0 2 4 6 8 10 12 14 --

SUN FAST SUN SLOW
EQUATION OF TIME

( MINUTES )

Figure 3-2. The Ana!emma

LOCKHEED 3-4



LR 18904

0
EARTH

Z
0

NOTE"

Y
0

0

[

f

z

ELEMENT
CTION

/ \/ I ,_ INTOTHEX-Z PLANE
/

/
I

I
I
I
I
I
I

q

_"X
0

a IS MEASU?,ED IN THE X-Z PLANE

•r IS MEASL_ED FROM THE X-Z PLANE
TOWARD THE Y-AXIS

O

LOCKHEED

Figure 3-3. Orientation of Surface Element

3-5



L_ 189o4

In the case of planet orientation, these angles are determined once and

apply to any position in orbit. In the case of inertial orientation, the

angles _ and _ are determined for the point of entry into orbit or the point

from which the fixed orientation is established. This point is vo. This

inertial orientation is held as the planet is orbited. The varying orientation

of the surface element with respect to the planet is accounted for by the com-

puter program.

ARBITRARY ELLIPTICAL ORBITS

Since the principal application of this progr_am is to compute the irradia-

tion Of a spacecraft in orbit, it is desirable to obtain the geometric inputs

necessary for all points of arbitrary orbits. Also, since all orbits are

elliptical, the equations for arbitrary elliptical orbits within the present

coordinate system will be derived. The equations can then be used to provide

the geometric inputs.

Referring to Figure 3-4 3 an orbit plane with a set of axes, X, Y, Z, is

defined by a simple rotation of the Xo_ Yo' Zo axes as follows:

lo Ro±ate Z about the Yo axis toward X o by the angle _o o The value of

_o is determined so that the X axis is the intersection of the orbit

plane and the equatorial plane.

2. Rotate Z about the X axis towaz-d Yo by the angle _o" This angle is

the inclination of the orbit with respect to the equatorial plane.

plane. The angles _ and _oNote that the X axis remains in the X° - Z° o

now define the orbit plane for a spacecraft or satellite moving in the general

direction Z to X.

If, however, motion in the opposite direction, but in the same plane, is

desired, the orbit plane must be inverted so X* coincides with -X, Y* with -Y,

and Z* with +Z, as shown in Figure 3-5. This can be accomplished by simple

rotation as follows:

i. Rotate Z* about the Yo axis toward X o by the angle _o* = _o +180°"

2. Rotate Z* about the X* axis toward Yo by the angle _o* = 180° - @o"

Note that Z* now coincides with Z and X* is opposite X. The angles _o* and

o* now define the orbit plane for a spacecraft moving in the direction Z*

to X*, which is opposite the original direction Z to X.

LOCKHEED 3-6
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Now, consider an arbitrary elliptical orbit in the X-Z (orbit) plane with

the origin (center of the planet) as one of the focil, as shown in Figure 3-6.

In the X-Z plane, consider a rotation of axes by the angle _ to X' Z' (Y'

axis coincides with Y axis) so that Z' coincides with the semi-major axis of

the elliptical trajectory, and the center of the ellipse lies on the -Z' axis.

Theorbit ecoentrioity,e,w oh  quals (a2_b2)'/a,wherea is the.

semi-major axis and b is the semi-minor axis. The center of the orbit lies

at (0, - ae), and the focii at (0, 0), and (% - 2 ae). In the primed coor-

dinates, the equation of the orbit is:

X ,2(Z' + ae) 2 + _ _

a 2 b 2

(Y' : O)

-I

(3-1)

In polar coordinates:

(p cos w + ae) 2 2 2+ p sin v - i (3-2)2
a b-

where the angle, v (known as the "true anomaly") is the angle between the

perigee (measured in the direction of motion) and the point in question. This

rearranges algebraically to

a (i + e2) (3-3)
P = i + e cos w

An arbitrary elliptical orbit has now been established, relative to the

Xo' Yo' Zo axes, which is completely specified by the following geometric•

quantities: _o' _o _ _' a, e. In general, these geometric quantities may be

seiected, and all positions of the corresponding elliptical trajectory computed

can be speciby varying v. A non-zero initial value of the true anomaly_ Vo,

fied. The local surface orientation is determined at w for inertial orienta-
O

tion of the spacecraft. The altitude at perigee, A ° = a (i - e),is an input

quantity.

For the special case of circular orbits, it is seen the e = _ = 0 and

a = (R + A). For equatorial orbits, n O = ¢o = O. For polar orbits, *o = 90°

and _o determines the inclination of the orbit plane to the suns rays, or to

the Yo - Zo plane.

LOCKHEED 3-9
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ECLIPSES OF THE SURFACE ELEMENT

In determining the quantity of incident radiation on the surface element,

it is important to know the duration and variation of exposure to the various

Sources. One of the most important radiation sources is direct solar energy,

which is abruptly removed when the surface passes into a planet's shadow. In

this simplified treatment to determine when the surface element passes into a

planet's shadow, the following assumptionsare made for two-body motion:

1.

2.

The planet's shadow is a circular cylinder with a diameter equal to

the mean diameter of the planet.

The shadow has no penumbra.

3. Atmospheric refraction effects are negligible.

Relative to the planet-sun line, the stu'face element will pass into the

planet's shadow at an angle, _SH' so that

cos _SH = - - (3-4)

As sho_m in Figure 3-7, the surface is in shadow for

j (iR -

cos Wp S - i - _ (3-5)

where cos Wp = cos _SH for p = PSH"

Since all points in an orbit will be specified, the corresponding value

of p can be found from equation (3-3). Also, since the direction of both p

and tbm planet-sun line are kno_m, cos Wp can be found and compared with the

value of - - (R/ . to determine if the surface is in the planet's

shadow. In addition to the calculation at regularly spaced intervals around

the orbit as specified by the user_ the computer program calculates the irradia-

tion just before and after entering or leaving the planet's shadow.

ORBITAL POSITION AS A FUNCTION OF TIME

For the general case of elliptical orbits_ the integrated radiant inputs

can be obtained only if they are known as a function of time. This can be

ascertained if the variation of the true anomaly, v, for a given orbit is kno_.m

as a function of time. The problem of describing the path or orbit of an

LOCKHEED 3-i0
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object about a body is described in most texts on the dynamics of motion or

celestial mechanics, such as Moulton (Ref. 3). For the simple two-body prob-

lem, the differential equation relating the time, t j"at any point in the Orbit

to its coordinates is

2 dv
P d-_ = k _-_= constant , (3-6)

where k is the gravitational constant,

M is the planet's mass, and

p = a (1 - e2)

It is now assumed that time at perigee is zero, and that w is measured from

perigee in the orbit plane. Then

joV 2v 2p dv (3-7)

k_ dt = dr-- (1 + e cos v)2

The period of one body of infinitesinal mass about another body of mass, M_

is (Ref.3):

2 _ a3/2
T = (3-8)

k 4-_

Then by integrating and substituting_

a3/2 [ e (i- e2) I/2 sin w] (3-9)t - 2 tan-l(E I/2 tan 2 ) - i + e cos v
k J7

where E = (i - e)/(1 + e). For the special case of circular orbits, it can be

seen that equation (1-9) reduces to the expected results of a linear variation

of w with time:

It can also be seen that equation (3-9) reduces to equation (3-8) for the

period of orbit with v : 27.

LOCKHEED
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IV CALCULATION OF ORBITAL IRRADIATIONS

DIRECT SOLAR IRRADIATION

The actual amount of solar radiation falling on a surface element is

dependent upon its distance from the sun and the rate of radiant energy emitted

from the sun. At large distances from the sun (such as the distance of the

Earth), the sun's rays are approximately parallel, and the radiation per unit

area which is incident on a surface normal to the rays may be considered to

vary as the inverse square of the distance from the sun. For small changes

in distance, from the sun_ such as a spacecraft in orLit around a planet, the

solar irradiation of a surface undergoes no noticeable chano_e and may be con-

sidered to be constant. On the other hand_ the _o!ar irradiation of a surface

near the Earth varies by approximately !3. 5 percent in the course of a year

due to the eccentricity of the Earth's orbit around the sun.

The irradiation of a surface normal to the sun's rays due to solar radia-

tion can now be obtained from the "solar constant" for any point in the Earth's

revolution around the sun_ or at the mean distance from the sun for any other

p]_anet. The "solar constant/' S' _ is defined as the rate at which energy is

received upon a unit surface, perpendicular to the sun's rays_ in free space

at the Earth's mean distance from the sun. Then_ the irradiation on the

normal surface according to the "inverse-square of the distance" law is given

by

S'
S - (4-1)

where r is the radius vector of the planet being orbited, normalized to the

Earth's mean distance from the sun. The value of the solar constantj S'_ is

taken to be 2.00 cal cm -2 min -I, as presented by Jolmson (Ref. 4).

The solar irradiation of a surface element in space is given by appropriate

geometric considerations and equation (4-1). The quantity of solar radiant

energy incident on the surface is given by

qs = CF S cos 0S (4-2)

LOCKHEED
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The angle, @S' is measured between the sun's rays and normal to the surface

element. The function, CF, is a factor'to account for {he possibility of the
]

surface being in the planet's shadow.

It is assumed in all determinations of the irradiation to be made, that

all surfaces are approximated by Lambert surfaces. The configuration factors

associated with computing the thermal radiation from various sources to the

surface element then reduce to purely geometric functions. With this assump-

tion the reciprocity theorem holds and may be used to simplify the geometric

configuration factor determination.

A

Now, let the direction cosines of the normal, rip, to the surface element

be _l' ml' and nI with respect to the Xo, Yo' and Z° axes. From Figure 3-1

it is seen that the direction cosines of the sun's rays are O, sin _S' and

cos _S' with respect to the Xo, Yo' and Z° axes. }Tom Figure 3-3, the values

Of _l' ml' nl are f°und to be:

_I = cos _p cos T sin _ - sin @p sin _p sin T

+ cos @p sin _p cos T cos (r

mI : cos @p sin T + sin @p cos r cos (r

nI = - sinf_p costa sin (r - sin _p cos _p sin T

+ cos _p cos _p cos r cos

(4-3)

The function, cos 0S, .is then given by:

cos @S : ml sin _S + nl cos Cs (4-4)

Similarly, from consideration of the direction cosines of the sun's rays and

the planet-surface line; the angle between the sun's rays and the line tothe

point, P, which determines the eclipse factor; is given by

cos-1 (sines sinCp+ cos CsC°SCpC°S ap)

The eclipse factor, CF, is now defined to be

-J _ LOCKHEED 4-2
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jCF = 1.0, cOSWp > - i -

(4-6)

CF O, cos _p S - i -

It is obvious that when cos _ S 0; no direct solar radiation will be received

by the surface. The value of qs will therefore be evaluated as

qs = CF S [max (cos _S' 0)] (4-7)

The expression_ max (a, b)_ is evaluated as the maximum of the two quantities

a and b.

From equations (4-1), (4-3) - (4-7); the value of solar irradiation incident

on a surface above a planet's atmosphere _s c_.p!ete]y determined.

IRRADIATION BY THE EARTH

A unique feature of Lockheed's Orbital Radiation program is that it

accounts for non-uniform radiosity of the Earth's surface. The determination

of the radiative heat budget of the Earth is one of the fundamental problems

of meteorology. For this reason 3 some of the classic papers in meteorological

literature are discussions of the emission and diffuse reflectance of the

Earth's surface and atmosphere. All but a few of these papers_ ho_:ever; are

restricted to discussions of the annual radiative heat budget. Francis

(Ref. i) selected Simpson's work (Ref. 5) as a basis for his analysis, because

Simpson presented the results of calculations of the mean monthly radiative

budget. Gabites (Ref. 6) repeated Simpson's analysis using more recent and

improved data on the radiative heat transfer in a water vapor CO 2 mixture_

but Gabites' work was pWolished as a doctoral thesis_ and hence was not as

readily available.

The present data are based on the work of Gabites (Ref. 6) and Houghton

(Ref. 7). The re3ative values were taken from Gabites and the absolute magni-

tudes were adjusted to fit Houghton's annual averages. The data for the

Southern Hemisphere were based largely upon Gabites' work. Table 4-1 gives

values of Earth emission; WE; as a function of month and latitude. Table 4-2

gives values of diffuse reflectance; R , computed from the data of Gabites
a

and Houghton. The energy reflected from the Earth-atmosphere systemj Sr_ is

given by

LOCKHEED" 4'_ 3



1_i,7:_!

}_i!_i

: } ....:ii
L_',• ,.,i

$

v

.q

/-

</

" i

,-4
O

_ b

0d ®

O

_ O
O ,.O

..p

O

_ oo
_ _ o_

.-_ [q

(1)

o
N

m o
o3o _

o

N _
H _
_ O

H @
A

©

LOCKHEED

A

o

%

%

• LR 18904

kO _ Lr_ CO <.0 Od _ 0 0 <0 G.I u'_ CO cO <0 CO 0_, _ -=l-
.-J- Lr_ Od O'x or] <0 O'x 0 cO 0 0 0 CO <0 _ 0 O0 <0

o _ _ _ o o _ o o Ohco _ _ o co <0

tr_ O_ -_ c_ b- 0 --_ 0 b- cO c_ -_ b- u_ O_ eO 0 0 b-
C_ 0 OJ w'_ b- 0 _ _-{ Oh cO 0 0 CO <£) cO _ CO <0 -_

CO 0 _ hO Oh _-_ kO -_ 0 -_ _-J <.0 -_ co O] kO b- ,-4 -d-
CU (Y-) _ b- Oh co kO Oh 0 cO 0 0 _ Oh b- w'_ _ 0 cO

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
O_ cO b- <D Lr_ _ on OJ rq r-_ C_ CO -=_ LrX <0 b- CO Cm

opn%T%_q S ePn% T%_I



@

O

©

,°

E_
_O

: 0

E_ OJ

N < -o

o

o
%

r...)

N

H

LOCKH_'ED

A

O

co

<

<

LR ]-89O4

b-- cO ,--I OJ oQ LP_ _ ME) "-O OJ _- LP', O O CO Lr'x Gh
',.0 Lr-,, L._ ..-if" C_ C',J CU O.I c,_ c_ OJ OJ o_ c'_ ¢,_ _ 'LO I

I".- Od _ LO o_ LP,. _ D-- O.; Oq _ O _ OJ D-- CO
LO ',.O _ oO OG O.I OJ OJ oq OG nO oq oq oO --q- I I

['-- 0 _ 0 co OJ LO --_ cO _ Od ,-I OJ Od MO co oQ

b-- O _ O _'- OJ cO _ _ O OJ _-I O", O_, Od CO O O
MO ME) ._.H- _ o_ oq _ OJ (XI _ Gh 0q OJ Od _ _ MD LO

! I

O O O O O O O O O O O O O O O O O O O

9 opn_T%_q

4-5



• LR 18904

S =S_. Rr a

where $2 is the solar energy incident on the atmosphere at any point.

given by

s_= s <cos_ oos¢ cos_s+ sin¢ sin¢Sl

S_ is

(4-9)

The geometry for deter_dning the reflective irradiation of the surface

element is identical to that of the emissive irradiation. No reflected e_ergy

will be received by the surface element from any point on the Earth which is

"in shadow." It is assumed that no atmospheric refraction effects exist and

that a "sharp" great circle on the Earth differentiates night and day.

The emissive and reflective irradiation of the surface element at an

arbitrary point in space, P (R + A, _p, @p), can now be computed from geo-

metric considerations and the determination of magnitude and distribution of

the Earth's emissive and reflective power. The general expression for the

irradiation of the surface element in spherical coordinates is:

q _ _l J-_/2[ lo max(cos0E, O)m_(oOS(r/R)20p, O)cos_ _ d_ (4-9)

For the Earth's emissive power_ I = WE_ and for the reflective po_zer_ I = S .<

The user must determine the grid size (A ¢ and A_) to be used by the

computer to numerically integrate equation (4-9). The grid size is usually

specified in degrees as i/i00 of the altitude in statute miles. The specifi-

cation of grid size is discussed in more detail in Section VII under"Accuracy

of Integration."

IRRADIATION BY TF_ MOON

To determine the lunar emissive and reflective power in the absence of

an atmosphere, the surface characteristics (i.e., absorptivity and emissivity)

and temperature distribution over the surface must be known.

The reflectivity of the lunar surface -for solar radiation is generally

given as 0.070 or slightly higher. The value of 0.073 is used in the present

program. The computations which have been made of the lunar temperatures

LOCKHEED
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have assumed emissivities of about unity. A good summary of the moon's physical

characteristics are given by Kiess and Lassovsky (Ref. 8). The computed sur-

face temperature and assumed emissivity will give the magnitude of emitted

infrared radiation from the lunar surface. An assumed emissivity of one is

probably reasonable; in view of the nature of the lunar surface and kno_m

characteristics of materials emitting radiation in the infrared•

The most striking observations of lunar surface temperatures are those

made during the eclipse of the moon. A temperature change at the same place

of 270°F (from 160°F to -IIO°F) has been observed in a period of only one

hour. This fact, along _rith photomic and polarmetric observations_ has led

many observers to conclude that the lunar surface is covered _th a coarse

layer of dust of extremely low thermal conductivity, since a high heat conduct-

ing material could not cool so rapidly. Is is also concluded that the moon

will have a fairly uniform, although low, temperature on the dark side_ and

the temperature on the sunlit side will vary by considerable amounts with in-

creasing distance from the subsolar point because of the increasing angle

between the sun's rays and the local normal to the surface m-_• _n_ temperature

measurements (Ref. 8) tend to verify these conclusions and are summarized

below:

Location

Subsolar (at full moon)

Subsolar (at half moon)

Terminator

Dark side

Temperatt_e _ °F

214 to 264

187 to 239

-80

-2_14

On the basis of these observations and measurements, it is concluded

that it is reasonable to assured that a thermal radiation equilibrium condition

exists on the major sunlit portions of the lunar surface; since the amount of

heat conducted into the moon's interior is probably negligible. This equilib-

rium condition would apply for all sunlit areas except those in the near vici-

nity of the terminator. Assuming a space temperature of O°R, the surface

temperature at any point on the sunlit side would be given by:

TM : cosOM_s (4-io)

LOCKHEED 4-7
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In the region of the terminator_ a linear extrapolation from 75 ° to the measured

value at the terminator is used. A sharp drop at the terminator to a constant

value of 216°R on the dark side is also assumed. The solution for the lunar

surface temperature at any point is then given by:

{a s s ) i/4_M= \_ cos_M-s

TM --y 387 - G 1/4]-- cos 75° _M-S

- m9_5

75° -< _-s

I 75 < 0__ s < 9o° I
-75° > _4-S > 90°

(4-11

- { 1: _ < 270 °
TM 216°R 90 < S -

Figume 4-1 is a plot of equation (4-ii); using the values (i - _S ) : 0.073_

cI = 1.0, and S = 443 gtu/ba-ft 2.

The irradiation of the surface element as a result of the lunar emissive

power may also be computed from geometric considerations and knowledge of the

•lunar s_trfaee temperat<_res. This irradiation is given by

_/2

qM-

-_/2

2;;" 4

I _;_ max (cos0M,o) max (cos0_,0)cos$,an'_i¢'(r,l_,) 2
(_-i2)

where the primed quantities are lunar parameters. These quantities can be

evaluated for both lunar-based and Earth-based coordinate systems (Appendix B).

The geometry for the solar energy reflected diffusely fro_u the moon's surface

back into space is the same as in the case of the Earth. The flux density of

reflected energy is

s' : (i - %) s cos eM_s (4-13)
r

4-8
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The spectral distribution is assumed to agree with the solar spectrum. The

irradiation "of th@ surface element _,rill then be

_/2 2_"

(I-as)S I I max(c°s 0M_ S,qMR-
(r'/R') 2

-¢r/2 0

o)_,_(oos0M,o)maX(OOS0_,O)oos¢'dU,d¢,

(1I-ii,)

As in the case of Earth irradiation_ the grid size for integration (A @' and

A _') is specified by the user.

i
I

LOCKHEED
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V PROGRAM INPUT AND OUTPUT

i

[
!

7 _TSINPUT OH.IO_,J

The user can specify Earth or lunar orbits with planetary or inertial

orientations, or individual points in space. At the users option, computations

can be made for solar irradiation only, solar plus planet (the usual option),

solar plus planet's satellite (i.e., the moon as referenced to an Earth orbit),

or solar plus planet plus satellite. The program computes individual irradia-

tions on a plane surfac_ and combinations of irradiations such as direct solar

p_us reflected solar. The program w_]l also complete total absorbed radiat_oo

if the user specifies the absorbtivity and emissivity of the surface.

0UfPUT OPTIONS

The printed output contains a listing of input parameters, a tabulation

of heating rates in Btu/hr vs. time in hours and position in orbit, planetary

view factors vs. position in orbit, and an indication of when the surface is

in the shadow of the planet. The tabulated heating rates provided are:

i. Direct solar ir2adiation

2. Reflected solar irradiation (planet)

3. Infrared emission (planet)

4. R__z_ct_d_f'__ solar irrediation (planet's satellite)

5. Infrared emission (planet's satellite)

6. Total solar spectrtuu irradiation (1+2+4)

7. Total infrared emission.(3+5)

8. Total absorbed irradiation (_S x 6 + ¢I x 7, if computed;

0 if not computed)

Lunar irradiation can be _ ....r___r_nc_a to either an Earth orbit or a lunar orbit

Optional outputs available are punched cards and plotted output. Punched

cards are tables of heating rates in Btu/sec versus tirae in seconds, in the

correct format for direct insertion into the Thermal Ana'lyzer program (Ref. 9).

The punched cards include a five-digit sequence number consisting of the three-

digit curve number plus consecutive numbers as needed starting with 01.

j_

LOCKHEED 5-1
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Available punched curves are:

i. Solar spectrum irradiation

2. Infrared irradiation

3. Absorbed irradiation (if computed)

Plotted output is any of the eight tabulated heating rates as desired. All

curves for a given case are plotted on the same figure.

INPUT DATA CARD FO_4%TS

The proper formats for the input data cards are shown in Table 5-1. A

case to be submitted requires three cards; multiple cases are input as

successive groups of three cards each. A case is here defined ssa single

position of one surface element in space, or as all of the positions computed

for an orbit ........or_j_coo_y. A final card; with case = O, is required to termin-

ate the case(s).

The inputs required for the first card are flags specifying the planet,

orientation, and type of irradiations to be computed, case number, curve

number(s) and identification for punched output (if required), surface ab-

sorptivity and emissivity (if required), and any desired identification or

comment. All numbers on the first card are fixed-point numbers (no decimal

point), with the exception of the case number, absorptivity, and emissivity,

which are floating-point numbers (with decimal point). A three-digit case

number does not require a decimal point.

The second card contains the month (i to 12), declination of the sun

(YS) , description of the orbit plane (Yo' _o )' surface orientation (_, T),

e, A_). All numbers on the second card areand trajectory data (a_; Ao, re,

floating-point numbers; with the exception of the month; which is a fixed-

point number.

The third card contains the planet surface integration grid size

(dYi, _i ), position parameters for the planet's ssteilite (YM; _M )' satellite

surface integration grid size (AYj, AOj), and flags to trigger the output

plotter. All numbers on the third card are floating-point nmubers, with the

exception of plot trigger flags, which are individual digits. £Yi and A Q.1

are required only when a planet's reflected solar radiation and infrared

emission are computed. YM' OM' hYj ' and h Oj are required only when

LOCKHEED 5-2
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0 computations are made for a planet's satellite (i.e., the moon r_f_r_nc_d to

sn Earth orbit). Non-zero flags trigger the output plotter. The third card

is required, even if all entries are zero or blank.

:!
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Several example problems are presented to demonstrate most of the input

situations likely to be encountered. Included are the input sheets, regular

tabular output, listings of optional punched heating rate tables, and optional

graphical output.

©

• EXAMPLE I: CYLINDER IN CIRCULAR EARTH ORBIT WITH PLANETARY ORIENTATION

Assume a Cape Kennedy launch into a 300-statute mile circular orbit with

an inclination of 30 ° to the equator. Orbit insertion at 30 ° N latitude is

achieved at noon (loca! sun time) on 9 February. The cylinder's axis is

aligned with the flight path. The body angles of interest (measured counter-

clockwise from the vertical, looking forward) are 45 °, 135 ° , 225 °, and 315 ° .

The geometry is illustrated in Figure 6-1. It is desired to compute solar

and Earth irradiations every 15 ° around the orbit. In addition, it is desired

to punch solar spectrum and infrared tables, and to plot solar, planet emission_

and planet reflection curves.

The input parameters are as follows:

Card i:

J = i (Earth)

K = i (planet orientation)

L = 2 (solar and planetary irradiations)

Case No. (arbitrary)

Punch triggers in 2nd and 4th 6-column fields (table numbers)

Punched table ID in 3rd and 5th fields (arbitrary)

Identification in lOth through 12th fields (arbitrary)

©

Card 2_

MO = 02 (February)

YS = -15° (decLination of sun on February 9)

Y = 30 ° (inclination of orbit)
O

= 0° (based on being at highest latitude at noon)
O

o = 0° (horizontal cylinder)

j_ J
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= 45 ° , 135 °, 225 °, 3150 (same as body angles in this case)

0oW = (circular orbit )

A = 300 miles (altitude)
O

e = 0 (circular orbit)

v = 0 (starting point of orbital calculation)
O

AV= 15 ° (step size around orbit)

Card 3:

AY i = A _i = 3o (integration grid size, numerically = 0.01 Ao )

Plot triggers in columns 37, 38, 39

There are four separate cases, one for each body angle. Each case requires its

o_m set of 3 cards.

The input sheet and tabular output are sho_m in Tables 6-1 and 6-2.

Table 6-3 is a listing of the punched output tables. Output plots are shown

in Figures 6-2 through 6-5.

EXAMPLE 2: CYLINDER IN CIRCULAR EARTH ORBIT WITH I_RTIAL 0RIE_ATION

Assume the same orbit conditions as for Example i, illustrated in Figure

6-i. Assume that inertial orieDtation is desired with the axis of the cylinder

perpendicular to the sun line. Note that in this case, the attitude of the

cylinder coincides with planet orientation at _ = O. Orientation parameters

are then dete_lined at v = 0. Therefore, all input parameters are the sane
o

as for Example i except for the orientation flag.

Card i:

K = 2 (inertial orientation)

Table 6-1 shows the program input. Output is sho_m in Tables 6-2 and 6-3,

and Figures 6-6 through 6-9.

LOCKHEED
6-2
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CYLI_DER IN ELLIPTICAL POLAR EARTH ORBIT WITH PLANETARY ORIENTATION

©

©

Assume a Vandenberg AFB launch into a polar orbit with a perigee of i000

statute miles and an apogee of 2000 statute miles. The major axis of the orbit

is the intersection of the orbit plane and the equatorial p]ane_ with the

perigee in the Earth's shadow7. Launch toward the south is at noon (local sun

time) on March 21. The cylinder's axis is aligned with the zenith (local

vertical). The body angles of interest (measured counter-clockwise from the

leading edge_ looking toward the center of the Earth) are 0 °, 900 , 180 °, and

270 °. It is desired to compute solar and Earth irradiations every 15 ° around

%he orbit. In addition_ it is desired to punch solar spectrum and infrared

tables and to plot so]ar_ planet emission_ and planet reflection curves.

The orbit geometry is il]uztreted in Figure 6-10. The input parameters

are as follows:

Card 1 :

Same as for Example i

Card 2 :

MO

%

o

_o

O-

= o3 (March)

= 0 ° (Declination of sun on _._rch 21)

90o (polar orblt)

270 ° ("noon" polar orbit launched toward south)

= 9O° (vertical cylinder)

0 °, 90° , 180 °, 270 ° (same as body angles in this case)

270 ° (perigee over the equator and in Earth's shadow)

= i000 miles (altit'ude at perigee)

= 0.0915 (altitude at perigee = i000 miles, altitude at apogee

= 2000 m_es, radius of Earth = 3959 miles)

= 0 ° (start calculations at perigee)

= 15 ° (step size around orbit)

A
O

v
O

Av

Card 3 :

A¢i = A_. = i0 ° (integration grid size, numerically = 0.01 A )
1 O

Plot trlggers in columns 37, 38_ 39

LOCKHEED 6-3
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Table 6-4 shows the progrmn input. Output is shown in _ables 6-5 and 6-6,

and Figures 6-11 through 6-14. .'

EXAMPLE 4: CONICAL SURFACE IN ELLIPTICAL POLAR E_RT}{ ORBIT WIT}{ PL_TARY

ORIEi_iTATION

Assume the same orbit conditions as for Example 3; illustrated in Figure

6-10. Assume the surface of interest to be a 45 ° vertical cone -_ith apex

toward the Earth. All input parameters are the same as for Example 3 with

the exception of the orientation angles _ and T on Card 2.

specified as follo_¢s:

Body angle 0 °

135 °

T 0 °

Table 6-_ shows the program input.

Figures 6-15 through 6-18.

EXA>[PLE 5 :

[I_heseangles are

90 o 180 ° 270 °

18oo 22>o 180 °

45°' o o 315 °

Output is sho_m in Tables 6-5 and 6-6 and

CY-LD[DER !I_]CIRCULAR I,Ui<AR ORBIT WITH PI_&;InTA:,f OI{IEI_TATION

Assume an 86-statute-mile circular lunar equatorial orbit sometime in

May. I,[eglect the declination of the sun (_.;hich is nearly 0°). The cylinder's

axis is vertical and the body angles of interest (measured counter-clockwise

from the leading edge_ looking toward the center of the moon) are 0 °, 90°_

180 °, and 270 ° Assume the Earth-sun-moon relationship to be as shown in

Fig<_e 6-19. The angle bei._,;eenthe moon-sun line ami the moon-Earth line is

38 ° . The point of entry into the clockwise lunar orbit is 168 ° from the moon-

Earth line. It is desired to compute solar and planetary incident and absorbed

irradiations every 15 °.around the orbit. Assume _S : (I : 0.5 It is also

des£red to punch absorbed irradiation tables and to plot solar, planet reflec-

tion, planet emission, and al_sorbed irra4iation.

The input parameters are as follows:

Card i:

J

K

L

Case no. (arbitrary)

Punch trigger in 6thefield (table no.)

Punch table ID in 7th field (arbitrary)

= 2 (moon) • :,-

= I (planet orientation)

= 2 (solar and planetary irradiations

6-4
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_S = 0.5

cI = 0.5

Identification in iOth - 12th fields (arbitrary)

Card 2:

MO

+s

%

flo

T =

A =
o

e =

v =
o

Card 3:

= o5 (May)

= 0 ° (assumed declination of sun)

= 180 ° (inverts orbit plane)

= 0 ° (equatorial orbit)

90° (vertical cylinder)

0 °, 90° , ]80 °, 270 ° (same as body angle in this case)

0 ° (circular orbit)

86 miles (altitude)

0 (circular orbit)

50 ° (38 ° + 180 ° _ 168 ° = 50 °)

15 ° (step size around orbit)

@i = A _i = I° (m_nimum practical grid size)

Plot triggers in columns 37, 38, 39, 44

Program input is sho_+m in Table 6-7. Output is sho_,m in Tables 6-8 and 6-9,

and Figures 6-20 through 6-23.

EXAP,'L°LE6: A_BITRA_RY POINT IN SPACE

Assume a plane s_face facing the Earth, located at 40 ° North latitude,

60 ° East longitude, and an altitude of i000 statute miles. Assume the time

to be 1400 GMT (2 P_,_)on December 25th. It is desired to compute solar and

planet irradiations.

The program input is as follows:

Card i:

J = I (Earth)

K = i (planet orientation)

LOCKHEEI) 6-5
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L r 2 (solar plus planetary irradiations)

Identification in lOth - 12th fields (arbitrary)

Card 2:

MO

*s
¢

ft

Or

A
o

Card 3 :

= 12 (December)

= -23.5 ° (declination of sun on December 25)

= 40 ° (north latitude)

= 9O° (60 ° east longitude plus 300 west longitude position of sun

at 14oo cm I)

= 0 °, _ = 180 ° (horizontal stu-face facing Earth)

= i000 miles (altitude)

= e = wO = Aw = 0 (no orbit reference)

A@i : A _]i -- I0° (integration grid size; numerically : 0.01 Ao)

Program input and output are sho_,_ on Tables 6-10 and 6-i1_ respectively.

EXArQ °T_ 7: SPECIFIC PO!__ !E A GIVEN ORBIT

Assume the same orbital conditions as for Example i. It is desired to

compute solar and planetary irradiations for Side 4 (T : 315 °) at a point 30 °

beyond orbit insertion.

The input is the same as fo_ Example i; Side II; except as sno.:_ b_o<,:

Card i:

No punch triggers or punched table ID.

Card 2:

vo

Av

= 30 ° (locates point in orbit for co_utation)

= 0 ° (one poin< only; computations are not to be made around the

orbit)

Card 3:

No plot triggers

l_'ogram input and output are sho}m on Tables 6-10 and 6-11, respectively.

LOCKHEED
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VII GENEP_&L PROCP_&M II_OR_TION

ILLEGAL DATA HANDLING

lllegal characters in a data field will cause immediate termination 6f

the program. An illegal character is defined as any character except numerals,

decimal point, + and - signs, and E (for expression of an exponent) in the

floating-point fields. An illegal character is anything except numerals and

+ and - signs in the integer fields. Only the dash (8-4 punch) is illegal in

the Hollerith or "A" format fields.

Other types of data errors cannot so easily be checked. If a grid size

parameter is entered as negative or zero, a diagnostic cormaent is printed and

the case is deleted. If the case number is equal to zero or if the case

number and the flags specifying planet and orientation are zero, the run is

terminated. This can occur if the data cards are out of order so that the

second or_ third card is read as the first card.

Provision has been made for extension of the program to other planets

and orientations, but until appropriate data are entered into •the program_

requests for these are treated as illegal and the case is deleted with an

appropriate comment. •

ACCURACY OF INTEGRATION

The accuracy of the integration depends on the choice of the grid size.

Normally, a value in degrees for A@ and A_ is chosen equal to i/i00 of the

value of the altitude in statute miles as a reasonable compromise between

accuracy and speed. As altitude increases_ the size of the grid may be in-

creased. Figure 7-1 shows the relation between grid size_ altitude, and

accuracy for several representative Earth-orbiting cases. If desired, the

user may select a finer grid size for increased accuracy, at the expense of

increased computer time. Or, he may choose a coarser grid size for reduced

computer time_ at the expense of reduced accuracy.

EXECUTION TI_E

For each orbit point calculated_ execution time is a function of integra-

tion grid size, altitude, and orbit position. Time is inversely proportional

LOCKHEED
7-1
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to the grid size (A_i x A_,i). The total area of the planet "seen" by the

element is divided into differential areas for integration_ and the basic

part of the program is executed once for each differential area. Therefore,

• i T" -L"time of execution is inversely proportional to the dlffe_en_lal area,

A¢i x Aa i. •

As altitude increases, the total area "seen" by the element increases_

approaching a hemisphere as a limit:

Area seen : 2_R + A-i_. (7-i)

where R is the planet radius and Alt is the altitude of the element above the

panel surface. It can be seen, therefore, that execution time is a direct;

but non-linear function of altitude.

Execution time is a function of the orbit position because the area seen,

mentioned above (eq. 7-i)_ can limit the integration only if the element does

not see past one of the planetary poles. Therefore; a polar orbit will take

more execution time than an equatorial orbit_ and may take longer than an

orbit between polar and equatorial, depending on the altitude.

As an approximation for estimating running time on the 7040/7094 (Mod I)

DC_ an average case with a i ° x i ° grid size takes about 3 seconds per point,

O

or for an orbit calculated every 15 _ 75 seconds.

]

J

Io
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LATIN LETTERS

A

A'

A
O

b

C

CF

d

a

Appendix A

E

e

F E

F M

k

_i' ml' nl

!

_i' mi_ nl

M

A

n E

-A

n M

A

np

LOCKHEED

NOMENCLATURE

semi-major axis of elliptical orbit_ statute miles

altitude above planet's surface, statute miles

= altitude above lunar surface, statute miles

= altitude at perigee; statute miles

= semi-minor axis of elliptical o_it, statute miles

= conversion factor

= eclipse factor

= mean distance from center of Earth to center of moon,

= 239,100 statute miles

= (i - e)/(l + e)

= eccentricity of el]iptica! orbit

--- to-tal geometric view Tactor from the surface elem@nt to the

Earth

= total geometric vie_ factor from the surface element to the

moon

= gravitatio_ual constant

= direction cosines, referenced to Earth

= direction cosines, referenced to the moon

= planet's mass

= local normal to surface of Earth

= local normal to surface of moon

= normal to surface element

A-I
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P

P

qE

qER

qM

ql_R

qs

R

R
a

r

r T

r

S

ST

S
r

T

TM

t

= point P_ location of surface element

= orbit parameter, = a (i - e2)

= irradiation of surface element due to Earth emissive power,

Btu/hr-ft 2

= irradiation of surface element due to Earth reflective power_

Btu/hr-ft 2

= irradiation of surface element due to lunar emissive power,

Btu/hr -ft 2

= irradiation of surface element due to lunar reflective power,

Btu/b_ -ft 2

= irradiation of stulface element due to solar radiation,

Bt u/hr -ft 2

= mean radius of Earth (ass_._ed to be a perfect sphere),

= 3958.87 statute miles

= mean radius of moon, = 1081 statute miles

= diffuse reflectance of Earth plus atmosphere system

= distance between surface element and local point on Earth,

statute miles

= distance betveen surface element and local point on moon,

statute miles

= radius vector of Earth

= irradiation on surface element normal to sun's rays due to

solar radiation

= solar constant, = 2.00 calories/min-cm 2 (= 4J_3 Btu/hr-ft 2)

= solar irradiation reflected and/or scattered by Earth-

atmosphere system

= incident solar irradiation at a local point outside Earth's

atmosphere

= period of orbit, hotu_s

= temperature of lunar surface, °R

= time, hours

LOCKHEED
CALIFO_I_ EC_PANy

A-2



LR 189O4

O

O

WE

X) Y_ Z

outgoing radiant flux from ......= Ear on-atmosp_!ere system_ Btu/hr-ft 2

= coordinate system, for orbit plane

X' Y' Z' = coordinate syste_l for orbit trajectory

Xo_ Yo _ Z O

X; y_ z

GREEK LETTERS

= basic coordinate system

= local coordinate system at point P for surface element

a S

6
I

= solar absorptivity

= infrared emissivity •

= angle between sun's rays and line between planet a.ri s_face

e ic_:o nt

_E

OM

OM- S

Op

Op'

OS

V

= angle betwem_ AnE and r

A

= angle between n M and r'

A

= angle between ram's rays and n M

A

= angle between n p and r

A

= angle between np and r'

A

= angle between sun's rays and np

= true anomaly of orbit (_leasured from perigee)_ degrees

V o
• p _ ..= po!r_t of _ntro. in<,o orbit

P

(F

_r

polar length coordinate of orbit geometry

Stefan-Boltzn_an constant; : 0.171_3 x 1.0-8 Btu/hr-ft 2 - °R4

- A
local coordinates of normal to m_face element; n_

F

angle of rotation: for translation of X - Y - Z axes to

X' - Y' - Z' axes (angle between Z axis and major axis of

orbit ellipse )

= spherical coordinates for basic coordinate o_aye l,em

= spherical coordinates for lunar coordinate system

: coordinates of orbit plane

LOCKHEED
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TERMINOLOGY

= coordinates of moon, referenced to Earth'

= coordinates of point P in basic coordinate system

= coordinates of point P in lunar coordinate system

= coordinates of sun

irradiation - radiant flux density incident on the surface

element

direct solar radiation

solar irradiation

- radiation emanating directly from the sun

- solar radiant flux density incident on the surface

element

Earth emissive power - radiant fl_x density in the infrared portion of

the electromagnetic spectrLrm; and which is

emitted directly from the Earth-atmosphere system

to space at a result of its temperature

emissive irradiation

Earth reflective power

- radiant flux density incident on the surface ele-

ment as a result of the emissive power of the

Earth; or other planet

- flux density of solar radiation reilected and/or

scattered from the Earth-atmo'sphere system to

space

reflective irradiation - radiant flux density incident on the sue'fade ele-

ment as a result of the reflective power of the

Earth or other planet

radiosity - total flux density of a planet's emissive and

reflective radiation

LOCKHEED
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Appendix B

EQUATI0_S EI_£°LOYED

As previously seen_ the final solutions for the irradiation of the sue'face

element were obtained as integral equations. Since these integral expressions

cannot be solved in closed form_ a solution by numerical techniques was neces-

sitated. This was accomplished by finite differences on a digital computer

(IBM 7094). .

After algebraic rearrangement, the equations used in the digital computer

program appear as follows:

EMISS!VE IRRADIATION FROM TI_% EARTH

CI

qE - w _+. fUq',T E [max (cos 0E,O ) max (cos 0p,0)] cos + d _ d+] (r/R) 2
L¢ L_

(B-I)

where CI = 0.1536 (Btu/hr ft2)/(cal/cm 2 day)

([)2 : (R R+ A cos @p. sin p - cos @ sin _)2 + (R R+ A'

+ (R+AR cos _p cos _ p - cos _ cos _)2

_inCp - sin¢)2
(B-T)

R
cos 0E = --rcos @ sin _ (R R+A cos @p sin - cos@ sin _)P

+ R sin ¢ (R + A
r R sin @p sin _) + R- - cos @ cos

r

(_,-:_)

, (R+ AR cos _p cos tip - cos¢ cos _)

O

LOCKHEED"
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cos _p R _i (R + A= r_ - _ R cos @p sin _p - cos @ sin _)

+ rR ml (RR + A sin Cp - sin ¢) (B-b)

+R nl (R+Ar ,_ cos Cp oos a_ - cos ¢ oo_ a)

W E = f (month, latitude), cal/cm 2 day

_i' ml' nl are given by equation (4-3)

The integration lJmits_ L and U_ have been changed to encompass only that por-

tion of the Earth which the surface element actually "see's." This reduces

computer time by more than one half. The modified limits are:

L@: @p - (8 + increment); U@= ¢p + 8 $ increment

where 8 = cos -I (_-_)R

Lfl -- -qp - _-/2; uo .--._p + _-/2

These limits also apply to the case of reflective irradiation, and similar

limits are used for lunar emissive and reflcctive irradiation. The added

increment insured that the entire "seen"_ area is used.

REFLECTI\_ IR_&DIATiON FROM T_2 E_2{'YH

C2 f max(Sr,O ) max (cos OE,O), . .max (cos Op, O) CosCdnd_%R =-Y Cr/R_

La
where

C2 = 221.25 (Btu/hr ft2)/(cal/min cm 2)

(B-5)

S(cos a cos ¢ cos ¢S + sin ¢ sin @S )Sr =Ra ,_
(4-8,9)

R a = f (month, latitude)

S = S'/( -_ )2 cal/min cm 2 (J4-__)

LO C K I-,l E E [')
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( th)r = f mori

'_s: f (d_te)

Remainder of terms same as for equation (B-l).

The value of r are taken here as of the 15th of each month from the 1960

American Ephemeris and Nautical Almanac.

O

SOLAR IRRADIATION

qs = C3 CF S max [(MI sin _S + _]i cos _S) _ O]

where C 3 : 22i.25 (Btu/hr ft2)/(cal/min cm 2)

(B-6)

cF = 1, oo__p > - _/z-(R/p)2

cF = o, oos_p _<- _/1-(R/p)2
(4-6)

Remainder of terms same as for equations (B-l) and (B-5).

LU97AR _DZSS!VE IRRt_DIATIOI_

(cos OM, O) max (cos 0_, O) cos _'d_'d¢'

(r,/R,) 2

where primed quantities refer to a lunar-based coordinate system

= Stefan-Boltzman constant

(I = lunar surface emissivity (assumed = 1.0)

(mT)

TM is defined by equation (4-11)

(r'/R') 2, cos _M' and cos @_ are defined below:

O
\

L
I _ _--

LOC_;HEED B-3
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For lunar-referenced orbits (treating the moon as a planet):

(r'_2 (R'+A' cos ¢'_" =" R p sin _' - cos ¢' sin _,)2 + ,--_7-- sin p - si_ ¢,)2

+ (R'+A'
" R' cos ¢'p coS_'p cos 4' cos_')2 (B-8)

R !

cos _M r'- -- COS 4' sin _' (R'+A'
" R' cos 4'p sin _'p - cos 4' sin _')

R' 4' (R'+A' - R' _,
+ _-r sin ,---_ sin ¢'p - sin 4') + _-F cos 4' cos

(R'+A' a' - cos 4' cos _')
e " R' cos 4'p cos P (_-9)

R' (R'+A' 4'cos _'p = _-F_' 1 ,_ cos p sin _'p - cos 4' sin _')

R' '+A'
+ r-[ m, I (R R' sin 4'p - sin 4')

R' (R'+A' 4' cos a' - cos ¢' cos _')+ _-'Tn'1 , R' cos p p (B-10)

For Earth-referenced orbits (treating the moon as tl_ Earth's satellite):

a v b '

,_-T,(r'_2 = (_- cos 4' sin n')2 + ( ___1 sin ¢)2

+ (-- -
eI '

R'
cos ¢' cos a,)2 (_-8a)

, .R+A
a I = d _7 cos 4p sin_p - cos _IM sinf_1,1)

b 1' = d (R_A sin Cp- sin 4M )

cl' = d (R+A cos 4p cOS_p- cos 4M cos_M)" d

a '
R' I

cos 4' sin _' (--_, - cos 4' sin f_')cos #M - r' fl

b '

R' 4' 1 R' 4' f_'+ _7 sin (--j7 - sin 4') + _-r cos cos

C '

4' a,)(--R-_ - oos oos
(B-%)
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O

O

R' i _q,
.cos 0'p = _ _i (--_ - cos @' sin )

b l
R' I

+ _'r m I (-_-T - sin U')

!

R' el

+ 7 nz (-iT- cosU' cosn') (_-lo_)

LUNAR REFLECTIVE IR_&DIATION

q?,_ :

whei _e

uU' %'

c  l:s'SII
L¢' La'

ma>:(oos %,O)m_( oos %, 0b_:<( co_ O%,O)Cos,/,' d a'_ ,/,'

C5 : 221.25 (Btu/hr ft2)/(cal/min cm 2)

(r'/R') 2

(B-If)

cos % : h si_% + h cos% (4-4)

"''(r'/R')2, cos 0i.,?and cos @'p were define<], above for both Earth-referenced

and lunar-referenced orbits.

ORBITAL GEO:4E_L_Y

_p : sin -I [sin @o (cosvcos_)-sinv sin _)] (B-12)

{ [COS_o (eosvcos_-sinvsinw)]

-i
: COS

P

sin
o

COS UO
_ _) }(si_l _ COS co.+ COS F ..,._n (B-.1 3)

2

(R+A): (R+Ao) i - e (B-_')
1 + e cos v

'_b:.p<._'<,'_r,t_z<,"_o@o' D'o' o_, Ao, and e are bas_ic inputs to the computer as dis-

and A vc_L3::ed in Sections llI and V. The true anomaly; v; is submitted as v°

(in degrees), and the computer calculates values Of_p and.U P for v from

LOCKHEED B-5
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to _ + 360°-
O O

perigee.

TIME

in increments of Av. A
O

is the value ,of the altitude at
i

J

(_+Ao)3/2[ i/2 ]
v e(l- e 2) " sin

t - 2 tan -I (EI/2 tan 5) - i + ecos (B-zs)

PLANETARY VIEW FACTORS

FE_i I I m_ (°°sOs'O)_x (c°_9 '°)c°s'_'ar_a'I'

F
M

U¢' U_'

L_' L_'

max (cos OM, O) max (cos O' ,0) cos _'df_'d @'P

(r'/R')2

(B-z6)

(B-iT)

_-J" "

" _LOCKHEED
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Api0endix C

PROGRAm{ ARRANGEi,_}_ AITD LISTING

Proper use of the incident orbital radiant heat flux ("Orbital Radiation")

program requires three program decks; associated control cards; a plotting sub-

routine package; and input data. For use with the Calcomp plotter; one set of

plotting Subroutines is required] for use with the SC-4020 plotter_ a different

set of plotting routines is required. Input data are supplied by the user in

the format described in Section V. Figu__e C-! shows the c]eck setup for use

with the IBM 7040/7094-DC Computer and the Calcomp plotter.

The three basic program decks are:

i. The main deck; named 0RAD; does all the required computations; reads

the input; prints the output; and punches cards if requested.

2. Subroutine WSRAI is a block data program containing tables of radia-

tive heat loss of the Earth (calories/cm 2 day); by month and latitude_

and diffuse reflectance of the Earth-atmosphere system (solar constant

= 2.0 ca!ories/cm 2 min) by month and latitude. These tables are en-

tered into the main program by means of common storage block WSRA.

3. Subroutine QPLOT (deck name QPLT) receives computed data from the main

progrs_m if{rough common storage block QPX. These data are then plotted

with each case on a separate graph. There may be as many as eight

curves on a graph if all quantities are requested.

4. Plotting subroutine package. Subroutine Q_°LOT makes use of several

system subroutines which draw axes; print tit les_ draw symbols and

lines_ and locate the points on the graph. The lists below give the

subroutine names of the required subroutines.

Calcomp Plotter

ASCALE ASCALE

LINE CA}_ZgAV

NUMBER GRIDIV

PLOT POI_V

PLO TS PR I_f V

SYMBL 4 APRE_V

TR_Eh_D LINEV

XYAXIS

SC 4020 Plotter

©

LOCKHEED
C-t
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Figure C-2- is a simplified flow diagram, indicating the major branches

and sections of the program. Table C-I is a complete listing of the source

program cards.
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ED

$18FTC ORAD

I01

II

990

23

4

12

REF

DIMENSION RBARM{12)

DIMENSION XTIMP(360I,YSOLPI360},YIRP(360),YABSP(360)

DIMENSION ALBEOO{IOI,RATME(10}

DIMENSION DFSIIOI,RADIUS(IO)

DIMENSION PLANIIIO),PLAN2(IDI,ORIEN(B),DAIB(7)

DIMENSION DAIE(6),VK(360),FM(360),FEI360),A(80)

DIMENSION OECLS(12)

COMMON /wSRA/ WSI(12tlgItRAII12t19)

COMMON /QP×/PLT(8},XIIM(360),Y()II360),YO2(360),YQ313&OI,YQ4{360},

I YQS{360),YSOL(360),YIRI360),YABS(360),NPLTF,PNO

9/3164 PROGRAM CONSIANTS

DATA ORDER.. EARTH{ I ) , MOONI2 ) , FERCURY( 3 ) ,VENUS (4 } ,MARS (5) ,

JUPITER(b),S_TURNITI,URANUSI8),NEPTUNE(g),PLUTU(O)

DATA (RADIUSII},I=I,IO)/3g58.87,1080.,1500.,3800.,2100.,43500.,

2 38000.,16000.,16500.,2000° /

DATA (DFS{I),I=]vlO) /I.,i.,.387,.72,1.516,5.25,10.75,I9.35,

I 30.0,39.6 /

DATA {RBARM(I),I=I,12)/.9835464,.g876141,.9946046,|.O034293,

I 1.0110198,1.0158605,1.0164697,I.0127430,I.0055312,.9990161,

2 .989004c,.9841658 l

DATA IPLANIIII,I=I,IO)/6HEARTB ,6H_OON ,6HMERCUR!6HVENUS ,

1 6HMARS ,6HJUPIrE,6IISATURN,6HURA>KIS,6_NEPIUN,6HPLUTO /

DATA (PLAN2(I),I=I,IO) /6H RA,TH RA,6HY RA,6H RA,

1 6H RA,6HR RA,bH RA,611 RA,6HE RA,6H RA/

DATA |ORIEN(1),I=I,3)/6HPLA;_EI,6HINERT.,THFLIGHT/

DATA DATBII),DATB(4I,DATB{5I,DAT_(6}/bHORGIT ,6HDIUS =,6HORIENI,

1 6HA[ION I

DATA (DECLS(II,I=I,12I / -.37242,-.22837,-.03870,.16911,.32836,

I .40667,.37636,.2L656,.05441,-.14718,-.32166,-.40592 /

DATA (ALBEDO(I),I=l,I0)/.39,.073,.OS,.76,.15,.51,.50,.66,.62,.16/

OATA (RATM_(II,I=I,10I/I.,.CIZ3_,.O54,.814,.IOS,318.3b,qS.28,

I 14.58,17.3&,.8312/

LOGICAL BACKI,BACK2,BACK3

INTEGER PLI

NPLTE=O

READ (5,1005| NP,N2R,NF,CASE,KN01,BS,K_2,BI,KND3, BA,ALFA,EPS,

I IDATE{I),I=I,3)

CALL SSwTCH {),NOVT)

GO TO {2_,IOI),NOVT

IF {CASE.EQ.O.) CO lO 23

PNO=CASE

NPLAN=NP

NFLAG=NF

READ I5,1001) MONIH,PSIS,PSI0,OMJ,SIG,TAU,3MEG,AS,ECCEN, VV,DELV

READ (5,1000I DPSII,DOMI,PSIM,OM_hDPSIJ,DF)MJ,PLT

IF {NP.EQ.0.AP_D.NOR.E_.O.AND.CASE.EQ.O.) GO TO 23

IF (NPLAN.EQ.O) NPLAN=IO

IF {NOR.NE.3) GO U) 12

FORMAT {47HONOR:3 IEMPORARILY ILLEGAL IFLISHT ORIENTATIOns) )

WRITE 16,9903

GO IO 1

NPLTF=I

IF (NPLT.GT.OI CALL QPLDT

CALL EXIT

STOP

WRITE (6,28013_SE

GO TO I

IF (NPLAN.LE.2) GO I] 13

WRITE (6,991) NPLAN

1289005

ORADO05

1289005

1389005

237_005

13890050

2314005

13890060

23740051

23140062

I3890067

13890068

13890069

1389007I

138900Y2

1389007_

13890074

1389007_

13890016

I3d90077

13_9001B

13890079

2374008

23743081

13890082

23740083

23_40033

23740084

23740085

237400_6

ORADOOd7

23740088

012

2374012

2_7q0121

23740122

237A0123

23740124

23740125

23743126

257_013

13893131

13_98131

13893131

23740132

138901_3

1389014

138901_1

13d90142

13_90143

237_31_5

237_31_5

13893148

1_3931%5

138_31_1

138931%8

315

3151
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LR 18904

+

_-_ _ - -

-. zz ,,< < _ o _ e.. _.e-c,,c-c-

,-% ..... o .............. - _

LOCKHEEb
c-6



T,R z8904

O

O

O

L)

I

w II II II _ _1

o ,,__

V

uO

*0 0 -- _0 II

oo _ o_ _ _ _ _

_2

O

C) i')

C-7



LR 18904

g]

FH

t)I

5_
rD

_ O

_ 0

_ _ 0

I •

_ 0 _,_

_0

OC]O_

LOCt(FIE_D

- 22
c-8



-i
"I

I

!
J

-I
-!

I

t

t

-!

! ©
1

.I

".i

t

I

c
o

I

L)

LR 18904

LOCKHEED

__-
c-9



LR 18901r

__oo_oooooooo_ooooo_oo ..... _o ...... _No_oooo_oooo_

L)

r_

!

L)

o_
A

z

v_o_

B

N U _

g *

N N

LOCKHEED
C-IO



L_ :L890!_

0

0

0

c
r_

v

H
I

0

P_

,,t
N

$

N

g

. _

.... _ _ • _ • °o

c_ 0

_- _

_ _ _ Ii I,-- If _++ II i,-,- *t _ -- 11 II I1 Ii _ _ "-i i,,,,- h _ II

LOCKHEED
C-If



.i

LR 1890!:.

. " _]

!

• :1

"kt

: i

: 4

. i 1

LO C _(.. FI _Z E 0

_._--:_i-_U_- ,__-s

C-12



LR 18904

©

©

©

o = ?. ._

_.o

LOCKHEED

C-13



L

J

?

I
i

, j

C
0

,-4

0

r_3

#q

LR IS904

LOCI{}-! r_ Eb
-_-'_-_2_ °" ;2"___I

0-14



0

0

©

LR 18Do!;.

i

.J

Lo-CKHE#D
C-15



LR 18904

_ooo_oooo_
Q_NNNNN_:NN

o _

_ g

X_O 0

_1 °-° ....

m

LOCKHEED

ooo ooooo oooooooooooo oo_oooo ooo_oo_o_oo

; o o

;: ;: ;_. ;_: o_ °°
_=" "_ _.i "" _ "

_JW

ON _

.... ,_,. I:._-_. 0-;. 8 _....... _.

C-16



LR 18904

C)

_L

i,
:]

I

(

I

0

m _

_- 0 :,->- _._ >'>"

0
V_

z

. >-

E3
.J

0 .

g7

_g ? g
gS __
_Z 0 _-

LOCKHEED
C-iY



LR 18_OI_.

oo_oooooooo_oo_oo_ ........ _ .... oooooooo oo

_ _ ooo_ _

i_gi_ .............

o_ .... _o_ .... _ ...................

mu_ o

LOCKHEED
C-18



. .- ...........

LR 18904

©

©

¢)

X_XXXX_XXx X_ X_x xX x_ _xxx_xXXx x_xXXXx )¢XMX

_xXX)_XXXXx xX X_ _X x_ xxxxxMxxx _)_XMXX_ _X

_N _

Xx_ xx

LOCKHEED C-19



LR 18904

O

r4
I

_D

!

gJ ........

• 2" °

gB,_ -'-
g_ g .........

LOCKHF_ED
C-20



LR 18904

O

IP

!

©

i
#:

O

r

ol

L)

E

CD

Ii II u_ ._ w O O

z z
_,<. z.<-<z'< _ _ • • . I ,z_-- ---..

,_ ___ ...... 2* ...... _ _ "Ju °

- • _ _. " o" _
_ Zz × ×=.,,._ .... z .... 2 .... ....=___=.,,,, °_-_Z-z.,-.o

u

J

f

LOCKHEED
C-21


